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Abstract 
Adding thermally conductive fillers to polymers the thermal conductivity can be raised significantly. Thermal 
conductive polymers (TC-plastics) open up a vast range of options to set up novel concepts of polymer 
technological system solutions in the area of mechatronics.   
Heating experiment of cooling ribs show the potential in thermal management of mechatronic parts with TC-
polymers in comparison with widely used reference materials copper and aluminum. 
The results demonstrate that especially for certain thermal boundary conditions comparable performance between 
these two material grades can be measured. 
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1. Introduction 
The thermal management with injection moulded functional parts of thermal conductive polymers is an 
economic approach in creating highly innovative cooling concepts for mechatronic systems. For instance, the three-
dimensional structure of a mechatronic assembly’s housing can be integrated entirely into thermal management [1, 
2]. Furthermore, plastics materials modified with ceramic fillers may be employed for mechatronic components, 
such as inductance coil housings. It is therefore possible to achieve thermal, isolatory as well as mechanical 
functions in a single step by overmolding the electronic component /3/. 
Metal or ceramic fillers such as aluminum [4], graphite [5] or aluminum- and boronnitride [6, 7] increase heat 
conductivities of plastics from approximately 0.15-0.5 Wm-1K-1 up to 20 Wm-1K-1 by using 60 vol.-% filler content 
[8]. 
Nowadays more than 85 percent of all bord-based electronic circuits are realized in surface-mount-technology 
(SMT) [9]. 
No matter if for rear lamps, headlights, or interior lighting: more and more LEDs are used – mounted to circuit 
boards by means of the IMS-Technique (Insulated Metallic Substrate)  [10]. 
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Fig. 1. Design and functionality of cooling concepts in mechatronic applications  
left:  air gap between BGA and cooling structure; frequent failure cause [Lehn] 
middle:  LED-assembly with aluminum heat sink; Fa. Diehl – airbus-interior lighting 
right:  thermo camera image of the LED-assembly in use 
To dissipate the heat generated in the LEDs, designers increasingly apply cooling elements from aluminium 
produced by extrusion or, sometimes, die casting; see Fig. 1 centre/right.  
To provide for insulation between metal cooling element and circuit board, heat conducting films from plastics 
are usually applied. This however does not only imply elaborate assembly work, but also a low coefficient of heat 
transfer between the individual components.  This hybrid, multi-component structure means an obstacle in terms of 
thermal management between e.g. component and circuit board, circuit board and cooling element, etc. The quantity 
of heat that can be dissipated is thus reduced considerably, making it often difficult to utilize the cooling element’s 
high cooling potential entirely, or sometimes even leading to failure of the assembly group [11].  
Moreover, conditions prevailing while using these components are frequently very thermally restrictive, with no 
such components as fans etc. available to intensify the cooling effect. This is another reason why the metal cooling 
element’s high degree of thermal conductivity, i.e. cooling potential, is not utilized entirely, because cooling takes 
place with natural, or sometimes minor forced convection.  
  This paper is due to show that, starting from the thermal conditions described, a cooling element from a 
thermally conductive polymer is well able to achieve a thermal output that is similar to that of a metal element.       
TC polymers can be processed by injection moulding [3], Fused Deposition Modelling (FDM) [12] or selective 
laser sintering (SLS) [13]. While design is extraordinarily free  in terms of component geometries here, the cooling 
potential can further be increased.  There are thus materials available with a high potential for application in thermal 
management of mechatronic assembly groups.  Thermally conductive polymers can thus be employed for a wide 
range of applications, to temper mechatronic assembly groups, and replace conventional hybrid systems.   
2. Basics  
In thermodynamics the heat transfer in technical processes is described by defining heat as a form of energy that 
is transferred across system borders only because of a temperature difference [14]. Heat transfer is possible by three 
different mechanisms:  
 convection (free and forced),  
 radiation, and  
 conduction 
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Conduction is the transfer of heat by direct contact of particles of matter. Steady state conduction is the form of 
conduction which happens when the temperature difference driving the conduction is constant so that after an 
equilibration time, the temperature in the conducting object does not change any further. 
In a stationary process, increasing the thermal conductivity leads to a linear improvement in heat transport [15]:  
dx
dTA
dt
dQ
   (1) 
where  
Q:  heat input or heat lost [J] over a time t [s] 
 :  thermal conductivity [Wm-1K-1] 
A:  heat transfer surface area [m2] 
dT/dx:  difference in temperature along a certain path x [K] 
 
Convective heat transfer take place through diffusion, the random Brownian motion, and by advection, in which 
heat is transported by the larger-scale motion of currents in the fluid or gas. 
There are two major types of heat convection: 
1. heat is carried by a fluid motion which is driven by external forces. This heat transfer process is often 
termed forced convection. 
2. heat itself causes the fluid motion (via expansion and buoyancy force). This process is called free or natural 
convection. 
The Quality of the heat transfer between a solid surface and a fluid or gas is described by the heat transfer 
coefficient (HTC). This is the proportionality coefficient between the heat flux, Q/(At), and the thermodynamic 
driving force for the flow of heat (i.e., the temperature difference, T). 
TA
dt
dQ
   (2) 
where 
Q:  heat input or heat lost [J] 
 :  heat transfer coefficient [Wm-2K-1] 
A:  heat transfer surface area [m2] 
T:  difference in temperature between the solid surface and surrounding fluid [K] 
t:  time period [s] 
 
For the calculation of technical applications mean (or) effective heat transfer coefficients are often used. These 
are defined for a specific set of boundary conditions, such as part geometry, fluid and wall temperature. In the case 
of forced convection the mean HTC  can be calculated using the following equation [15]: 
Pr)(Re,Nu
L

  (3) 
where  
L:  characteristic length [m] 
:  thermal conductivity of the fluid [Wm-1K-1] 
Re:  Reynolds-number 
Nu:  Nusselt-number 
Pr:  Prandtl-number 
 
For a specific geometry the Nusselt-number only depends on the dimensionless Reynolds-number and the 
prandtl-number. These are calculated with equations 4 and 5: 
	



LvRe  (4); 

	 pcPr  (5) 
where   
v:  characteristic flow velocity [m/s] 
:  viscosity [Pas] 
cp:  heat capacity [J/gK] 
:  density at mean temperature of the fluid [g/cm³] 
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Approximately the HTC for free convection can be calculated using the following equation [16]: 
 
v 122  (6) 
3. Experimental: Materials and Specimen 
Compound preparation and production of specimen: 
On a ZSE 27 HP-40 twin-screw extruder by Leistritz compounds were prepared. As a matrix material, PA6 
(Ultramid B3 by BASF) was employed, and 10 and 40 vol.-% of copper powder (Cubrotec 5000, Schlenk 
Metallpulver GmbH) were integrated into the compound. The copper filler has a platelet-shaped, i.e. clearly non-
isometric geometry, as shown in figure 2 left. The platelets’ average diameter D50 is approx. 35 μm. Microscopic 
analyses revealed that the platelet particles are approx. 1 μm thick. 
On a Milacron K110S2-F standard injection molding machine by Ferromatik, the produced compounds were 
processed to plate specimens with rib structure on the top, as can be seen in figure 2 right.  
The main process parameter such as injection velocity (vin = 12.7 cm³), mould temperature (TMould = 80 °C) and 
melt temperature (Tm = 260 °C) have been kept constant using standard values. 
 
      
Fig. 2. left:  SEM-image of the platelet shaped copper fillers used for the copper compounds 
middle:  geometry of the injection moulded sample specimen „rib structure“ 
right:  pepared specimen “heat sink” for heating experiments 
The ribs structure was eventually cut out of the test specimens and prepared; see Fig. 2 right. The reference 
aluminium and copper specimen were machined.  
  
Thermal conductivity measurement: 
To determine the thermal conductivity of the injection moulded test specimens, a so-called Hot-Disk device (by 
C3-Analysetechnik GmbH) was used. The sensor introduces the heat, which then dissipates in all three directions in 
space. The characteristic value obtained is thus named integral thermal conductivity int.  
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Heating experiments: 
The heat sink presented in Fig. 2 right, was examined as to its cooling performance in a heating test. While 
testing, thermal input was varied, as were cooling conditions. Via a heating plate of A dimensions of 8.96 cm², 
heating input P of between 1 and approx. 20 watts is possible. The setup is described in Fig. 3. 
     
Fig. 3. Set-up for the heating experiments, heating source without and with mounted heat sink and schematic description 
The heating plate is insulated, and temperatures are measured entirely by thermocouple inside the insulation. As 
this determines the lost heat, actual heat input can be set precisely. At the interface between heating plate and 
bottom of the heat sink, temperature TC was measured by means of thermal elements.  
The efficiency of heat sinks is analytically calculated in electrical engineering by the difference between heat 
sink surface temperature and junction temperature [20]. In our case TC corresponds to the junction temperature. 
With decreasing TC, an increasing cooling efficiency of the heat sink can be assumed. Therefore comparable flow 
conditions and surface properties are necessary. 
The trials were undertaken at standard environment, and geometries remained unchanged. This is why 
approximations and comparative investigations could be conducted to calculate an effective heat transfer coefficient. 
Merely flow velocity, i.e. the effective heat transfer coefficient, was thus varied during the tests. Heating-up trials 
were conducted with natural convection, i.e. little cooling, as well as forced convection, i.e. increased cooling. To 
achieve different degrees of defined cooling input with forced convection, a fan was employed to vary air flow 
velocities; see Fig. 4.  
 
Fig. 4. Set-up for variation of cooling conditions free convection (box) and forced convection (flow channel) 
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The set flow velocities were measured by a hydrometric vane (G25 Höntzsch GmbH type) and are presented in 
table 1. This table also shows the approximated effective heat transfer coefficients  obtained at different air flow 
velocities, which were calculated under simplified assumptions (standard environment and no local flow effect) on 
the basis of Equations 3 – 6.  
Table 1. Approximated effective HTC  for the specific flow velocities of the air cooling 
Velocity air-flow vair [m/s] free convection 1 3 5 
HTC:  [Wm-2K-1] 7 12 22 29 
 
4. Results and Discussion 
The thermal response obtained at the heat sink, i.e. the cooling element, can be divided into two periods.  During 
the instationary period (heating process), the heat flows resulting - and thus the system temperatures inside the 
component – are still subject to temporal changes. When heat input into the component and heat output due to 
convective cooling have come to a thermodynamic equilibrium, then a so-called stationary state is achieved. 
Temperatures inside the component are thus constant. Fig. 5 presents the contact temperatures TC for cooling 
elements of copper and of a Cu-compound (10 Vol.-% filler content)  
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Fig. 5. Development of the time dependent contact temperature TC; heating power P=7W, flow velocity: v=5 m/s 
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During the investigations, scientists determined the period of time required until a stationary state, i.e. constant 
temperature, was reached. In case average temperature deviation is below 0.1 K/min, a stationary state can be 
assumed.  With heat input set to 7 watts, the copper cooling element reached the stationary state after approx. 24.8 
min, while this took approx. 31.5 min for the copper compound.  
However, the major differences showed in contact temperature TC. It merely reached 60 °C with the copper 
cooling element, while the PA6 + 10 vol.-% copper cooling element’s temperature rose to 100 °C. This can be 
contributed to the fact that TC polymers’ thermal conductivity is clearly below that of metal materials. The heat 
conductivities of the used copper compounds determined by Hot-Disk measuring can be seen in table 2 below.  
 
Table 2. Thermal conductivity of the cooling-rib materials: TC-polymer (Hot-disc), aluminum [17] and copper [18] 
material PA6 + 10 Vol.-% 
copper
PA6 + 40 Vol.-% 
copper
aluminium copper
thermal conductivity 1.1 W/mK 4.5 W/mK ~ 220 W/mK ~ 400 W/mK
heat sink
 
To compare heat outputs taking place from the heat input interface, the temperatures TC determined for the 
stationary state will be used in the following.  
In order to enable comparison of cooling performances, variations were tested in  
- Heat input values of  P = 1, 3 and 7 watts, and 
- convective cooling values of approx.  = free convection, 7, 12, 21 and 29 Wm-2K-1 
Fig. 6 shows a photo made by a thermographic camera. It presents the stationary-state temperature distribution at 
the surface of the rib cooling element for copper-compounds with 10 to 40 vol.-% filler content.  
 
       
Fig. 6. Thermocamera scan: surface temperature of the cooling rib; TC-polymer; heat input: P = 3 W, free convection;  
 left:  PA6 + 10 vol.-% copper 
 right:  PA6 + 40 vol.-% copper 
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With low filler content, temperatures at the cooling element’s basic surface are relatively high, which can be 
contributed to the low cooling effect of the ribs. As filler content is stepped up from 10 to 40 vol.-% of copper, 
temperatures decrease from 80 °C to 60 °C. 
The temperature TC at the interface between cooling element and heating plate shows the same behaviour, see 
Fig. 7. 
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Fig. 7. Contact temperature TC dependant on the HTC  on the rib surface, heat input P = 3 W 
742 C. Heinle, D. Drummer / Physics Procedia 5 (2010) 735–744
 Author name / Physics Procedia 00 (2010) 000–000  
As convection is natural, increasing the filler content from 10 to 40 vol.-% of copper will reduce TC by approx.. 
10 K. It is interesting to note here, that deviation in temperatures is only minor, if compared to pure copper or 
aluminium. It amounts to just a few °Kelvin.  As the cooling effect is stepped up due to intense flow, i.e. forced 
convection, the difference between cooling elements from metal and TC polymers gets larger. However, even a flow 
velocity of 5 m/s will lead to only approx. 15 K. This cooling performance is roughly similar to that of a commercial 
16 V PC fan operated at maximum speed.  
 The cooling elements’ cooling performance, is determined not only by convective cooling, but also significantly 
by heat input.  The obtained contact temperature TC is presented in Fig. 8 for cooling elements of copper as well as 
PA6+40 vol-% copper, in relation to the different values of heat input. 
With natural convection, the differences in temperatures between both materials are only slight. If flow velocities 
are stepped up to increase cooling, then, at approx. 7 watts heat input, temperature deviates by approx. 15 K.  
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Fig. 8. Contact temperature TC dependent on the heat input p; Cooling: free and forced (vair=5 m/s) convection, material: copper and PA6+40 
vol.-% copper 
However, reducing the heat input that acts upon the interfaces also reduces the temperature difference between 
the two material systems. As a result, with low cooling, input and forced convection, the cooling effect of the TC-
polymer is close to that of metals. Heat output is determined by environmental cooling conditions to a growing 
extent.  
With the existing experimental conditions, in case of poor cooling, as is the case with natural convection, the 
differences between the two materials, metal and TC-polymer, can be neglected.  
5. Conclusion 
The investigations have shown that, under specific thermal boundary conditions, thermally conductive plastics 
have a high potential for cooling mechatronic systems. In the area of low to average dissipated energy, if linked to 
minor degrees of convective cooling, polymers’ cooling performance is almost identical to that of metal materials 
(aluminium or copper). It is thus possible to remove the energy usually dissipated by LEDs, i.e. approx. 0.5 to up to 
approx. 5 watts [19], by means of TC-polymer cooling elements. 
Unlike conventional hybrid concepts, the techniques of polymer processing usually offer a high level of freedom 
in geometrical design. New designs are thus possible for cooling elements, and new concepts of thermal 
management can be implemented, which are comparable or even superior to the known concepts. 
Additional potential may be expected from using ceramic fillers. These materials’ heat conductivities are similar 
to those of the TC-polymers presented; they are electrically insulating, though. They might thus enable the designer 
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to omit intermediate layers, e.g. insulating films, and eliminate heat transfer at the same time. By directly on- or 
overmolding circuit boards with thermally conductive polymers, cooling structures for thermal management can be 
integrated. This will further raise the level of integration, in terms of construction as well as production. 
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